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The histone regulatory (HIR) and histone promoter con-
trol (HPC) repressor proteins regulate three of the four
histone gene loci during the Saccharomyces cerevisiae
cell cycle. Here, we demonstrate that Hirl, Hir2, Hir3,
and Hpc2 proteins form a stable HIR repressor complex.
The HIR complex promotes histone deposition onto
DNA in vitro and constitutes a novel nucleosome assem-
bly complex. The HIR complex stably binds to DNA and
nucleosomes. Furthermore, HIR complex binding to
nucleosomes forms a distinct protein/DNA complex re-
sistant to remodeling by SWI/SNF. Thus, the HIR com-
plex is a novel nucleosome assembly complex which
functions with SWI/SNF to regulate transcription.
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Histone gene transcription is tightly regulated during
cell cycle progression and coordinated with DNA repli-
cation in eukaryotes. Six of the eight histone genes
(HTA1-HTB1, HHT1-HHF1, and HHT2-HHF2) are
negatively regulated through a site present in their pro-
moter close to upstream activation sequence (UAS) ele-
ments (Osley et al. 1986; Freeman et al. 1992). Histone
gene transcription is repressed outside of the G1/S in
Saccharomyces cerevisiae. Several trans-acting factors
that act at the negative site to repress transcription were
identified through genetic screens (Osley and Lycan
1987; Xu et al. 1992). Some of these factors, the histone
regulatory (HIR) genes including HIR1, HIR2, HIR3, and
the histone promoter control (HPC) gene HPC2, are tran-
scriptional corepressors that are not thought to possess
intrinsic DNA-binding activity (Osley and Lycan 1987;
Xu et al. 1992; Sherwood et al. 1993; Lamour et al. 1995).
However, both Hirl and Hir2 associate with the HTAI-
HTBI regulatory domain, although there is no evidence
that the Hir proteins bind directly to the cis-acting site
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required for the repression of the histone genes (Dimova
et al. 1999; Sutton et al. 2001). The Hir proteins are pos-
tulated to be recruited to the negative site by a yet uni-
dentified sequence-specific binding factor, and once at
this site directly repress transcription (Spector et al.
1997; DeSilva et al. 1998). The mechanism by which
Hir/Hpc proteins repress histone gene transcription is
not clear, but is likely to involve the modulation of chro-
matin structure. The Hir corepressors interact with the
SWI/SNF chromatin-remodeling complex and are re-
quired for its recruitment to the HTAI-HTB1 promoter
(Dimova et al. 1999).

The yeast multisubunit SWI/SNF complex is an ATP-
dependent chromatin-remodeling complex that can mo-
bilize nucleosomes for activation or repression of a sub-
set of yeast genes (Wang 2003; Lee et al. 2004). The SWI/
SNF complex can be recruited to specific promoters
through a variety of mechanisms, one of which is
through direct interaction with sequence-specific tran-
scriptional activators. We previously showed that acti-
vator-interaction domains within the Snf5 and Swil sub-
units play a critical role in the promoter targeting of
SWI/SNF, which is essential for its function in vivo (Pro-
chasson et al. 2003).

Deletion analysis of SWI/SNF subunits demonstrates
that they are required for maximal expression of the his-
tone genes (Dimova et al. 1999). However, mutations
that eliminated HIR-mediated repression bypassed the
histone gene promoter’s dependence on SWI/SNF (Di-
mova et al. 1999). Therefore in addition to serving as
corepressors, the Hir proteins also act as coactivators
through the recruitment of the SWI/SNF chromatin-re-
modeling complex to the histone promoter. The trigger
that allows the Hir proteins to switch from a corepressor
to coactivator at precise times during the cell cycle re-
mains unknown. In addition to SWI/SNF, the Hirl and
Hir2 corepressors are necessary for RSC association with
the HTAI-HTB1 promoters, and this is correlated with
transcriptional repression of the histone genes (Ng et al.
2002). This suggests that RSC assists Hir proteins in re-
pressing HTAI1-HTB1 transcription outside of the S
phase, and that SWI/SNF and RSC have opposite func-
tions at these promoters.

Hirl and Hir2 proteins are similar to one another and
to a family of HIRA proteins identified in several eukary-
otes (Lamour et al. 1995; Kirov et al. 1998; Lorain et al.
1998; Blackwell et al. 2004). The human HIRA protein is
encoded by a gene within a region of chromosome
22q11.2 deleted in most patients with the developmental
condition known as DiGeorge syndrome or velocardio-
facial syndrome (Halford et al. 1993). In such patients,
certain organs and tissues derived from neural crest cells
in the pharyngeal region of the developing embryo are
affected (Lammer and Opitz 1986). In contrast to S. cere-
visiae, the human homolog HIRA encodes a protein that
encompasses structural features of both yeast Hirl and
Hir2 proteins as a single polypeptide (Lamour et al.
1995). These features include seven copies of a WD (B-
transducin) repeat that are present at the N termini of
both Hirl and HIRA (Lamour et al. 1995).

Hir proteins function in chromatin assembly and gene
silencing. Recently, the Xenopus laevis HIRA as well as
a mammalian HIRA-containing histone H3.3 subcom-
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plex were shown to mediate nucleosome assembly inde-
pendent of DNA synthesis (Ray-Gallet et al. 2002;
Tagami et al. 2004). Hirl, Hir2, Hir3, and Hpc2, in S.
cerevisiae, are part of a nucleosome assembly pathway
that functionally overlaps with chromatin assembly fac-
tor I (CAF-I), encoded by the CAC genes (Sharp et al.
2001, 2002). These pathways are required for the assem-
bly and maintenance of heterochromatin, since com-
bined mutations in the CAC and HIR genes show a syn-
ergistic decrease in silencing at both telomeres and the
mating-type loci (Kaufman et al. 1998; Qian et al. 1998).
Similar data have shown that the yeast ASFI1 gene, a
member of another histone deposition pathway, is im-
portant for chromatin assembly and largely overlaps the
role of CAF-Iin silencing (Tyler et al. 1999). Asfl and the
Hir proteins directly interact and function together to
promote heterochromatic gene silencing (Kaufman et al.
1998; Sharp et al. 2001; Sutton et al. 2001; Krawitz et al.
2002).

In order to better understand the mechanisms by
which the Hir and Hpc proteins are involved in the regu-
lation of the histone genes and in the formation of het-
erochromatin, we set out to characterize the Hir-associ-
ated proteins. Using mass spectrometry analysis, we
found that the Hirl, Hir2, Hir3, and Hpc2 proteins form
a novel HIR complex. We show that the HIR complex
has a nucleosome assembly activity similar to human
HIRA. Additionally, we found that the HIR complex
binds to DNA and to nucleosomes. Moreover, the bind-
ing of the HIR complex to nucleosomes inhibits SWI/
SNF nucleosome remodeling activity by a mechanism
that does not prevent SWI/SNF binding. Therefore, the
HIR repressor complex binds to nucleosomes generating
a distinct protein/DNA complex resistant to remodeling
by SWI/SNF.

Results and Discussion
Purification and characterization of the HIR complex

Several lines of evidence suggest that the HIR genes
HIR1, HIR2, and HIR3 and the HPC gene HPC2 may
function together (Sharp et al. 2001, 2002). In order to
better understand the mechanisms by which Hirl and
Hir2 proteins are involved in the transcriptional regula-
tion of the histone genes and in the formation of hetero-
chromatin, we sought to identify Hirl- and Hir2-associ-
ated proteins. We used tandem affinity purification
(TAP) of Hirl and Hir2 proteins, followed by multidi-
mensional protein identification technology (MudPIT)
(Puig et al. 2001; Washburn et al. 2001). As previously
described, we found that Hirl and Hir2 copurify (Spector
et al. 1997). We also found that this complex contained
the Hir3 and Hpc2 proteins (Fig. 1A,B; Supplementary
Table 1).

The HIR3 and HPC2 genes were originally identified
by genetic screens along with HIR1 and HIR2 to be in-
volved in the transcriptional regulation of histone genes
(Osley and Lycan 1987; Xu et al. 1992). Seven different
complementation groups of HIR genes (HIR1 to HIR7)
and five groups of HPC genes (HPC1 to HPC5) were de-
scribed (Osley and Lycan 1987; Xu et al. 1992). Aside
from HIR1, HIR2/SPT1, HIR3/HPC1, and HPC2 genes,
the other HIR and HPC alleles remain uncharacterized.
The HIR3 gene product is a 191.7-kDa protein and is
localized to the nucleus despite the presence of seven
hypothetical transmembrane domains (Qian et al. 1998).

HIR complex prevents SWI/SNF remodeling

HIR complex
A |

B HIR1- |HIR2- |HIR3- |HPC2-
TAP |TAP |TAP [TAP

HIR1 |142;49113; 47|90; 37 |181; 52
HIR2 [254; 52 [263; 61 |305; 55 |326; 53
HIR3 [200; 36 [212; 42 |152; 32 |269; 39
HPC2 |134; 61 |116; 52 |162; 47 285; 57

C 20

15

45| %
' 5) 1.0
1 z
05
670kDa %0 Ry HIR2 HIR3  HPC2
D i
——— -HIR3-TAP
- - -HPC2-MYC
- - — -HIR2
p—— -HIR1

top 1920 21 22 23 24 25 26 27 28 29 30 31 32 (Fr) bottom

Figure 1. Identification and characterization of the HIR complex.
(A) HIR complex purified from Hirl-TAP-tagged strain analyzed by
SDS-PAGE and silver stain. The subunits are labeled with their
locations on the gel. (B) Proteins from the different TAP purifica-
tions were identified by MudPIT. The proteins identified are listed
with the number of spectrum counts followed by the percentage
coverage of each protein obtained from the MudPIT analysis. (C)
The number of MS/MS spectra-matching peptides from HIR sub-
units was divided by each subunit’s molecular weight, scaled up by
an arbitrary factor of 500,000 (SAF), and normalized to the total
spectral count for the entire complex (NSAF). Average values and
standard deviations were calculated for NSAFs obtained from seven
trypsin and two elastase digests independently analyzed by MudPIT.
(D) Immunoblotting of the 10%-40% glycerol gradient sedimenta-
tion of the HIR complex. The fractions were assayed for the presence
of HIR1-, HIR2-, HIR3-TAP-, and HPC2-Myc-tagged proteins by
Western blotting. The peak fractions of HIR complex are indicated
by a solid line. The 670-kDa marker indicates the position of thy-
roglobin fractionated on a 10%-40% glycerol gradient run in paral-
lel. BSA (67-kDa) and catalase (232-kDa) markers fractionate in frac-
tions 5 and 15, respectively. The presence of a dimer of thyroglobin
(1338 kDa) could be detected in fraction 34.

The Hpc2 protein is a highly charged basic 67-kDa pro-
tein (pI of 10.05) with no apparent homologs in the da-
tabase (SWISSPROT). In order to validate that Hir3 and
Hpc2 form a unique complex with Hirl and Hir2 pro-
teins, we carried out the reciprocal TAP purifications on
Hir3 and Hpc2 and subjected the samples to MudPIT
analysis. These results show that Hir3-TAP- and Hpc2-
TAP-tagged proteins copurify with each other as well as
with Hirl and Hir2 (Fig. 1B). These results demonstrate
that the Hirl, Hir2, Hir3, and Hpc2 proteins assemble
together to form a novel protein complex.

In chromatography-based shotgun proteomics analy-
ses, spectral counts are good markers of protein abun-
dance (Liu et al. 2004). Because this parameter is depen-
dent on a protein molecular weight (i.e., larger proteins
tend to be identified by more spectra), dividing spectral
count by molecular weight defines a spectral abundance
factor (SAF) (Powell et al. 2004) and allows comparisons
of proteins of various sizes. Here, we used this approach
to estimate the stoichiometry of the four HIR complex
subunits by normalizing the SAF for each subunit
against the total spectral count for the complex (normal-
ized SAF, NSAF) (Fig. 1C). For example, although Hirl
and Hir2 are of about the same molecular weight, Hir2
was very reproducibly detected by twice the amounts of
spectra. This trend was independent of the TAP-tagged
subunit (Fig. 1B) and of the enzymes used for digestion
(data not shown). The NSAF analysis suggests that the
HIR complex contains one copy of Hirl and Hir3 but two
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Figure 2. Nucleosome assembly activity of the HIR complex. (A)
Nucleosome assembly reactions were carried out with HeLa core
histones incubated with 1 pg of NAPI (lanes 3-5), with 8.65 nM and
17.3 nM of HIR complex (lanes 6-11), or with 8.2 nM and 16.3 nM
of HIR B (lanes 9-11). HIR B corresponds to the HIR complex puri-
fied directly from the calmodulin step of the TAP protocol. The
formation of mononucleosome was monitored on a 6% (29:1) PAGE
gel, dried, and exposed on a Phosphorlmager screen. (B) Analysis of
the nucleosome assembly activity of the HIR complex by supercoil-
ing assay. Mock, 0.2-1 pg of NAPI, or 3.4 nM of TAP-purified HIR
complex was combined with topoisomerase I and 500 ng of relaxed
plasmid in the presence or absence of HeLa core histones and incu-
bated for 3 h or as indicated. Different amounts of core histone
relative to plasmid were used, indicated by the ratio CH/DNA. Pu-
rified plasmid products were analyzed by agarose gel electrophoresis
and visualized by ethidium bromide staining. Migration positions of
DNA plasmid form I (supercoiled), form II (nicked circular), and
form Ir (closed circular) are indicated.

copies of the Hir2 and Hpc2 subunits, and therefore has
a molecular weight of 617.5 kDa.

In order to confirm that these four proteins are as-
sembled in a unique complex, TAP-purified HIR com-
plex was fractionated on a 10%-40% glycerol velocity
gradient (Fig. 1D). As shown in Figure 1D, Hirl-, Hir2-,
Hir3-TAP-, and Hpc2-Myec-tagged proteins cofractionate
and appear as only one peak on the gradient, which cor-
responds to an apparent molecular weight of 670 kDa
(fractions 24-26). The apparent size is slightly larger than
the expected 617.5 kDa because of the presence of the
TAP and Myc tags. These data together indicate that the
HIR complex exists as a unique complex containing one
copy of Hirl and Hir3 and two copies of Hir2 and Hpc2.

Nucleosome assembly activity of the HIR complex

Equipped with the knowledge of the composition of the
HIR complex, we sought to analyze its biochemical prop-
erties in vitro. Since the human homolog of Hirl and
Hir2, HIRA, possesses nucleosome assembly activity, we
tested whether the yeast HIR complex also has nucleo-
some assembly activity in vitro (Ray-Gallet et al. 2002).
The purified HIR complex was incubated in the presence
of HeLa core histones and a radiolabeled 183-base-pair
(bp) DNA template for 3 h at 30°C, and the reaction was
loaded onto a native acrylamide gel. The HIR complex is
able to deposit histones onto DNA and assemble nucleo-
somes (Fig. 2A, lanes 7,8,10,11). NAPI, a histone chap-
erone known to efficiently load histones onto DNA, was
used as a positive control (Fig. 2A, lanes 4,5; Bulger et al.
1995).

To confirm this result we used a classic supercoiling
assay (Germond et al. 1979). In this assay, the increasing
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amount of nucleosomes assembled onto a plasmid re-
sults in increased supercoiling and subsequently in-
creased electrophoretic migration compared with the
initially relaxed DNA plasmid. As shown in Figure 2B
(lanes 10,11,13,14) by the appearance of supercoiled
DNA, the HIR complex promotes histone deposition
onto plasmid DNA and nucleosome assembly compared
with the negative control (lanes 2,3). As a reference, the
histone chaperone NAP1 was used (Fig. 2B, lanes 4-8).
Taken together these results demonstrate that the HIR
complex can promote histone deposition onto DNA in
vitro and therefore constitutes a new nucleosome assem-
bly complex.

HIR complex binds to DNA and nucleosomes

We next sought to examine possible mechanisms by
which the HIR complex represses histone gene expres-
sion. Toward this end we considered the properties of
another complex involved in transcriptional repression,
the Polycomb group proteins (PcG). PcG complex is
known to interact with chromatin, at least in part, by
binding DNA (Francis et al. 2001). To determine whether
the HIR complex acted similarly, we performed electro-
phoretic mobility shift assays (EMSAs) with the HIR
complex in the presence of DNA and nucleosomes. As
shown in Figure 3 (lanes 2-5), the mobility of a radiola-
beled 183-bp DNA template was greatly retarded in the
presence of the HIR complex. At a limiting amount (0.15
nM) of HIR complex, a distinct complex with the DNA
was observed (Fig. 3, lane 2). Increasing amounts (0.3,
0.6, and 1.2 nM) of HIR complex resulted in a macromo-
lecular complex too large to enter the gel, suggesting that
multiple HIR complexes bound each DNA fragment (Fig.
3, lanes 4,5). The estimated Kd of the HIR complex is
~0.1 nM. EMSAs were also performed with the HIR com-
plex in the presence of a DNA fragment containing the
negative cell cycle control region (CCR) of the HTA1-
HTBI1 promoter, and did not show any difference in af-
finity compared with a random piece of DNA (Lycan et
al. 1987; Supplementary Fig. 1). As a negative control, an
EMSA was performed in the presence of NAP1, which
showed no binding to DNA (data not shown).
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Figure 3. HIR complex binds to naked DNA or to nucleosomes.
(Lanes 1-5) Purified HIR complex (0.15, 0.3, 0.6, and 1.2 nM) was
incubated with a naked 183-bp DNA probe. (Lanes 6-13) HIR com-
plex (0.56, 1.12, or 2.24 nM) was incubated with reconstituted
nucleosome cores using a 183-bp (lanes 6-9) or 147-bp (lanes 10-13)
DNA probe. Samples were run on a 4% acrylamide gel (37.5:1, acryl-
amide/bis) in a 0.5x TBE buffer system. Migration positions of DNA,
nucleosomes, and HIR-bound complexes are indicated.



Since we found that the HIR complex binds DNA and
that Hir proteins were previously shown to bind to his-
tones, we looked at the ability of this complex to bind
nucleosomes. An EMSA was performed with HIR com-
plex in the presence of two types of nucleosomes recon-
stituted with either a radiolabeled 183-bp DNA probe or
a 147-bp DNA probe. As shown in Figure 3, the HIR
complex bound to the 183-bp DNA nucleosome, forming
a slow mobility complex (lanes 7-9) compared with the
nucleosome alone (lane 6). Strikingly, the HIR complex
failed to bind to 147-bp DNA nucleosome under the
same conditions, as can be seen in lanes 11-13 of Figure
3. The difference between the two nucleosome tem-
plates used in this assay is the presence of extended
DNA ends in the 183-bp nucleosome compared with the
147-bp nucleosome. This suggests that free DNA ends in
the 183-bp DNA nucleosome were important for the
binding of the HIR complex. This is also consistent with
the fact that the complex had higher affinity for the na-
ked DNA (Kd = 0.1 nM) probe than either nucleosome
probe (the estimated Kd for the 183-bp DNA nucleosome
is 1 nM). These data reinforce the observation that the
HIR complex has a previously unreported DNA-binding
activity.

HIR complex prevents SWI/SNF remodeling activity

Previous studies reported that the Hir proteins both re-
press histone genes outside of S phase and during S phase
are required for recruitment of SWI/SNF to histone gene
promoters in vivo (Dimova et al. 1999). As SWI/SNF ac-
tion is required to turn on the histone genes when the
Hir proteins are present, one possible function of the HIR
complex outside of S phase may be to inhibit SWI/SNF
activity. Since the HIR complex seems to mimic the PcG
complex in its ability to bind DNA, we next tested
whether the HIR complex can inhibit SWI/SNF chroma-
tin-remodeling activity in a similar fashion as the PcG
complex (Francis et al. 2001).

To address this question, we used two different in
vitro nucleosome remodeling assays, DNase I digestion
and restriction enzyme accessibility assays. For these as-
says we used TAP-purified SWI/SNF, HIR complexes,
and the 183-bp and 147-bp DNA nucleosome probes. Us-
ing the 183-bp nucleosome probe, we compared the pro-
file of DNase I digestion after preincubation in the pres-
ence and absence of HIR complex and subsequent re-
modeling by SWI/SNF (Fig. 4, lanes 1-8). As seen in
Figure 4, the hypersensitivity to DNase I observed in the
presence of SWI/SNF alone (lane 7) is dramatically re-
duced upon preincubation with the HIR complex (lane
8). The same effect of HIR complex on SWI/SNF remod-
eling was observed using the restriction enzyme acces-
sibility assay (data not shown). These results suggest
that the HIR complex prevents SWI/SNF remodeling ac-
tivity. In contrast, preincubation of the HIR complex
with the 147-bp nucleosome does not affect the hyper-
sensitivity to DNase I generated in the presence of SWI/
SNF (Fig. 4, cf. lanes 15 and 16). This result suggests that
HIR complex inhibition of nucleosome remodeling by
SWI/SNF requires HIR/nucleosome interactions. More-
over, the absence of any effect of the HIR complex on
SWI/SNF remodeling of the 147-bp template rules out
the possibilities that the HIR complex inhibits SWI/SNF
activity by reducing DNase I enzyme activity or by in-
activating SWI/SNF off the template. Therefore, these

HIR complex prevents SWI/SNF remodeling
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Figure 4. HIR complex prevents SWI/SNF remodeling activity. In
this DNase I digestion assay, a 5’-end-labeled 183-bp (lanes 1-8) or
147-bp (lanes 9-16) template was mock reconstituted (DNA) or re-
constituted into mononucleosome cores (nucleosome), and preincu-
bated with 2.9 nM of HIR complex for 1 h at 30°C prior to addition
of 2.1 nM of SWI/SNF complex for 1 h at 30°C, as indicated. The
remodeling reactions were treated with 0.4 or 0.04 U of DNase I for
1 min at room temperature for nucleosome template or naked DNA
respectively, except in lanes 1, 4, 9, and 12 (no DNase I treatment).
The DNA product of the reactions was resolved on an 8% acryl-
amide-8 M urea sequencing gel.

data suggest that HIR complex binding to the 183-bp
nucleosome template through the naked DNA ends pre-
vents SWI/SNF remodeling activity.

One remaining possibility that could explain the inhi-
bition of SWI/SNF remodeling activity would be that the
presence of HIR complex on the 183-bp nucleosome
blocks SWI/SNF from binding. To address this possibil-
ity, we performed an EMSA with HIR and SWI/SNF com-
plexes in the presence of the 183-bp nucleosome probe.
Addition of SWI/SNF to the HIR-nucleosome complex
further decreased the mobility observed with the HIR-
nucleosome complex alone (Fig. 5, cf. lanes 4-7 and 2,3).
As a control, the binding of SWI/SNF to nucleosomes is
shown (Fig. 5, lanes 8,9). In the presence of an excess
amount of cold oligonucleosomes that competes the
binding of SWI/SNF and HIR from the 183-bp nucleo-
some template, we observed the reappearance of the
nucleosome core particle, indicating that the large com-
plex observed is a soluble complex (data not shown).
These data present clear evidence that the inhibition of
SWI/SNF remodeling activity in the presence of the HIR
complex is not simply due to prevention of SWI/SNF
binding to nucleosomes. These results support a model
where the HIR complex binds to the 183-bp nucleosome
in a way that forms a distinct protein/DNA complex
resistant to remodeling by SWI/SNF but not to its bind-
ing. This mechanism is unique compared with PcG pro-
teins, which in part inhibit SWI/SNF chromatin-remod-
eling activity by excluding SWI/SNF from the nucleo-
some (Francis et al. 2001).

In this work, we demonstrate that the Hirl, Hir2,
Hir3, and Hpc2 proteins form a novel complex that,
based on its role as a histone chaperone complex, has a
nucleosome assembly activity. Additionally, through a
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Figure 5. HIR binding to nucleosomes does not prevent SWI/SNF
from binding. Purified HIR complex (lanes 2,3) or SWI/SNF complex
(lanes 8,9) was incubated with a reconstituted nucleosome core us-
ing a 183-bp DNA template. In lanes 4-7, after preincubation of 0.9
and 1.8 nM of HIR complex with nucleosomes, 2.4 and 4.8 nM of
SWI/SNF were added to the reactions. Samples were run on a 4%
acrylamide gel (77.5:1, acrylamide/bis) in a 0.5x TBE buffer system.
Migration positions of nucleosomes, HIR-bound complexes, and
SWI/SNE-HIR-bound complexes are indicated.

previously unreported nonspecific DNA-binding activ-
ity, HIR forms a complex with nucleosomes that pre-
vents SWI/SNF remodeling activity. The ability of the
HIR complex to block the SWI/SNF remodeling is a po-
tential mechanism to explain transcriptional repression
of histone gene promoters outside of S phase. Although
the mechanism by which the HIR complex switches
from corepressor to coactivator remains unknown, re-
cent work raises the possibility that histone acetylation
may be involved. Xu et al. (2005) recently showed that
acetylation of Lys 56 of histone H3 is required for the
presence of the SWI/SNF complex on the histone genes
promoters in S phase. Moreover, the presence of the HIR
proteins is necessary for recruitment of SWI/SNF com-
plex during the activation of these promoters in S phase
(Dimova et al. 1999). Thus, while the HIR complex ap-
pears to be continuously present and required, its func-
tion as a coactivator might be manifested only when its
repressive functions are suppressed. This could be
achieved by modification of the HIR complex or nucleo-
somes. In principle, histone modifications like H3K56
acetylation may play a role in alleviating HIR-complex
repression of SWI/SNF chromatin remodeling during S
phase to allow the activation of the histone genes.

Materials and methods

S. cerevisiae strains

Tap tag strains Hirl, Hir2, Hir3, Hpc2, and Snf6 were obtained from
Open Biosystems as part of the TAP-tagged library (Ghaemmaghami et
al. 2003).

TAP purification and MudPIT

Tandem affinity purification of Hirl, Hir2, Hir3, Hpc2, and Snf6 and
MudPIT analysis were carried out as previously described (Washburn et
al. 2001; Lee et al. 2005).

Glycerol velocity gradient

Two solutions were prepared containing 10% and 40% glycerol WV,
respectively, and 40 mM HEPES (pH 7.8) 300 mM NaCl, 0.1 % Tween-20,
1 mM PMSF, and 1 mM DTT. We formed 5.7-mL 10%-40% linear glyc-
erol gradients in Beckman SW60 ultracentrifuge tubes using a Gradient
Station Gradient Forming model 153 from Biocomp. The purified HIR
complex was layered onto the top of a gradient and then centrifuged at
55,000 rpm for 5 h at 4°C in a Beckman SW60Ti rotor. We collected 90-nL
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fractions from the top of the gradient using the Gradient Station Frac-
tionation System, and monitored for the presence of HIR complex by
immunoblotting.

Nucleosome assembly and supercoiling assay

Nucleosome assembly reactions were carried out as follows: One micro-
gram of HeLa core histones was incubated with NAP1 or the HIR com-
plex in a 10-uL reaction (10 mM HEPES at pH 7.5, 150 mM NaCl, 5 mM
MgCl2, 0.5 mM EGTA, 0.1 mg/mL BSA, 0.2 mM PMSF, 10% glycerol) for
15 min at 37°C. Then, 10 pL of a mix (50 ng of radiolabeled 183-bp DNA
probe, 1 pg of cold DNA ladder, and the same buffer conditions as above)
were added to the reaction and incubated for 90 min at 30°C. The reac-
tion was directly loaded on a 6% (29:1) PAGE gel, dried, and exposed on
a PhosphorImager screen (Amersham).

Supercoiling assay was performed as previously described (Ray-Gallet
et al. 2002) with the following modifications: NAP1 or HIR complex was
preincubated with HeLa core histones for 1 h at 30°C. Then, the reaction
was added to a mix containing 0.5 ng of relaxed plasmid and incubated for
3 or 6 h at 30°C. Purified plasmid products were analyzed by agarose gel
electrophoresis and visualized by ethidium bromide staining.

Binding reaction and EMSA assay

The DNA templates used, 147- and 183-bp, were generated by PCR from
the plasmid p601 (Lowary and Widom 1998), radiolabeled, and used as
naked DNA or as reconstituted mononucleosome template. The binding
reactions were done in 20 pL of 10 mM HEPES (pH 7.8), 8% glycerol, 2
mM MgCl,, 1 mM CaCl,, 0.5 mM EGTA, 62 mM NaCl, 0.25 mg/mL
BSA. Approximately 1 ng of radiolabeled DNA or reconstituted nucleo-
somes was incubated with purified HIR complex for 30 min at 30°C, and
then 10 pL were directly loaded on a 4% acrylamide (37.5:1) 0.5x TBE gel,
and run at 150 V for 2 h. Gels were dried and exposed to a Phosphorlm-
ager screen (Amersham)

DNase I digestion assay

The DNase I digestion assay was carried out as previously described
(Prochasson et al. 2003) with the following modifications: The templates
used, 147- and 183-bp, were generated by PCR from the plasmid p601
(Lowary and Widom 1998), 5’-end-labeled, and used as naked DNA or as
reconstituted mononucleosome template in this assay. In a 30-pL reac-
tion, 1.6 nM of labeled and cold nucleosome template were preincubated
with 2.9 nM of HIR complex for 1 h at 30°C, where indicated, prior to
addition of 2.1 nM SWI/SNF complex for 30 min at 30°C, and then
digested by DNase 1.
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